Search for a Low Mass Particle Decaying into µ + µ − in B 0 → K * 0 X and B 0 → ρ 0 X at Belle
We search for dimuon decays of a low mass particle in the decays B 0 → K * 0 X and B 0 → ρ 0 X using a data sample of 657 × 10 6 BB events collected with the Belle detector at the KEKB asymmetricenergy e + e − collider. We find no evidence for such a particle in the mass range from 212 MeV/c 2 to 300 MeV/c 2 , and set upper limits on its branching fractions. In particular, we search for a particle with a mass of 214.3 MeV/c 2 reported by the HyperCP experiment, and obtain upper limits on the products B(B 0 → K * 0 X) × B(X → µ + µ − ) < 2.26 (2.27) × 10 −8 and B(B 0 → ρ 0 X) × B(X → µ + µ − ) < 1.73 (1.73) × 10 −8 at 90% C.L. for a scalar (vector) X particle. The possibility of a weakly interacting light particle with a mass from a few MeV to a few GeV has been extensively discussed [1] . Recent astrophysical observations by PAMELA [2] and ATIC [3] have been interpreted as dark matter annihilation mediated by a light gauge boson, called the U -boson [4] , which couples to Standard Model particles. In addition, the HyperCP collaboration [5] has reported three Σ + → pµ + µ − events with dimuon invariant masses clustered around 214.3 MeV/c 2 that are consistent with the process Σ + → pX, X → µ + µ − . Phenomenologically, X could either be a pseudoscalar or an axial-vector particle [6] with a lifetime for the pseudoscalar case estimated to be about 10 −14 s [7] . Many plausible explanations for such a particle have been proposed; a pseudoscalar sgoldstino particle [8] in various supersymmetric models [9] , a light pseudoscalar Higgs boson [10] in the Next-to-Minimal-Supersymmetric Standard Model as well as a vector U -boson [11] as described above.
Recently there have been searches for a similar light particle at the Tevatron [12] , e + e − colliders [13] and fixed-target experiments [14, 15] . In those searches, the light particle was assumed to be a pseudoscalar and no evidence has been found. The KTeV result in K L decay disfavors a pseudoscalar explanation of the HyperCP results [15] .
The large sample of B 0 decays at the Belle provides a good opportunity to search for a light scalar or vector particle. In particular, the estimated branching fractions for B 0 → V X, X → µ + µ − where X is a sgoldstino particle with a mass of 214.3 MeV/c 2 and V is either a K * 0 or ρ 0 meson, are in the range 10 −9 to 10 −6 [16] .
We report a search for a light particle using the modes,
ρX ) using a data sample of 657 × 10 6 BB pairs collected with the Belle detector [17] at the KEKB asymmetric-energy e + e − collider [18] . The analysis for B 0 K * X uses the same dataset as Ref. [19] . In this analysis, we assume that the light X particle is either a scalar or vector particle. Unless specified otherwise, charge-conjugate modes are implied. The term scalar (vector) X particle implies either a scalar (vector) or pseudoscalar (axial-vector) particle throughout this letter.
The Belle detector is a large-solid-angle magnetic spectrometer that consists of a silicon vertex detector (SVD), a 50-layer central drift chamber (CDC), an array of aerogel threshold Cherenkov counters (ACC), a barrellike arrangement of time-of-flight scintillation counters (TOF), and an electromagnetic calorimeter (ECL) comprised of CsI(Tl) crystals located inside a superconducting solenoid coil that provides a 1.5 T magnetic field. An iron flux-return located outside of the coil is instrumented to detect K 0 L mesons and to identify muons (KLM). In the initial event selection, at least two oppositely charged muon tracks with momenta larger than 0.690 GeV/c are required. These muon tracks are selected using a likelihood ratio formed from a combination of the track penetration depth and hit pattern in the KLM system. We reduce the number of badly reconstructed tracks by requiring that |dz| < 5.0 cm and dr < 1.0 cm, where |dz| and dr are distances of closest approach of a track to the interaction point in the beam direction (z) and in the transverse plane (r −φ), respectively. Charged kaons and pions are identified using information from the ACC and TOF systems and the energy loss (dE/dx) measurements in the CDC [20] .
The reconstruction of For background studies, we employ two different techniques referred to as the counting (C) and fitting (F ) methods. Method C uses generic BB and continuum (e + e − → qq, q = u, d, s, c) Monte Carlo (MC) samples that correspond to an integrated luminosity about three times larger than the data sample. In the ∆E − M bc signal region, there are no events in the dimuon mass region
In method F , we use the MC samples as described above, and select B 0 candidates in the sideband regions defined as −0.12 GeV < ∆E < −0.06 GeV and 0.06 GeV < ∆E < 0.12 GeV, and 5.25 GeV/c 2 < M bc < 5.27 GeV/c 2 . By fitting the dimuon mass distributions for the B 0 candidates with a probability density function, (x − 0. 21) n for x > 2m µ , where x is a dimuon mass in GeV/c 2 , m µ is the muon mass and the parameter n is extracted from the fit, we estimate the number of background events with dimuon mass below 300 MeV/c 2 . We also compare the shape of the probability density function with the B 0 candidates in data sideband regions. No significant discrepancy is found. The estimated numbers of background events for methods C and F for the HyperCP event search are 0 (0) and 0.13 Before examining the full data sample, various distri- For the full data sample, no significant signal is observed for the decays B 0 K * X and B 0 ρX for M X below ∼ 300 MeV/c 2 . We derive an upper limit for the signal yield (S 90 ) at a 90% confidence level (C.L.) by using the POLE program [21] with the Feldman-Cousins method [22] . This procedure takes into account Poisson fluctuations in the number of observed signal events and Gaussian fluctuations in the estimated number of background events as well as systematic uncertainties. The 
Here N BB and ǫ denote the number of BB pairs and the signal efficiency with small data/MC corrections for charged particle identification, respectively.
The signal efficiency is determined by applying the same selection criteria to the signal MC sample as those used for the data. The signal MC samples for a scalar (vector) X particle are generated for X masses in the range 212 MeV/c 2 ≤ M X ≤ 300 MeV/c 2 using the P → V S (P → V V ) model in the EvtGen generator [24] for a scalar (vector) X particle. In the MC generation of the vector X particle, we assume that the polarization of X is either fully longitudinal or transverse. The efficiency differences between longitudinal and transverse polarizations of the X for both modes in the search range are less than 7 %. Since the efficiencies for a fully longitudinal polarized X are lower than for a fully transversly polarized X, we conservatively use the efficiencies for full longitudinal polarization of the X for upper limit estimations. In the HyperCP event search for a scalar (vector) X particle, the efficiencies for B 0 K * X and B 0 ρX decays are 23.6% (23.5%) and 20.7% (20.7%), respectively. We also check the efficiencies for different X lifetimes. The efficiencies are the same for lifetimes below 10 −12 s because the primary and secondary vertices are indistinguishable. The efficiencies for the two different vertex fitting methods for the HyperCP event search are compared. One method assumes that the dimuon tracks from the X originate from the primary B 0 decay vertex, while the other assumes that the dimuon tracks from the X are from a secondary vertex. The difference in the efficiencies is about 1 %.
To obtain the final upper limit, we use the backgrounds determined from the fitting method. Since the efficiencies for a scalar (vector) and a pseudoscalar (axial-vector) are the same, the upper limits for the scalar (vector) and the pseudoscalar (axial-vector) X searches are identical. From the B 0 K * X (B 0 ρX ) sample, the upper limits for a scalar and vector X particle in the HyperCP mass range are determined to be 2.26 (1.73) × 10 −8 and 2.27 (1.73) × 10 −8 , respectively. Table I summarizes the number of observed events, the expected number of background events, the efficiencies, the signal yields, and the upper limits at 90% C.L. in the interval 212 MeV/c 2 ≤ Table II . The total systematic uncertainties in the upper limits for both decay modes vary from 6% to 8% as the mass of X increases from 212 MeV/c 2 to 300 MeV/c 2 . The dominant systematic uncertainties come from tracking efficiency and muon identification. The uncertainty for the tracking efficiency is estimated by linearly summing the single track systematic errors, which are ∼ 1%/track. The uncertainty of muon identification is measured as a function of momentum and direction by using the γγ → µ + µ − data sample. In summary, we searched for a scalar and vector particle in the decays B 0 → K * 0 X, K 
